A combined study was carried out on the micromorphology and chemistry of glandular trichomes with focus on Primula vialii and P. vulgaris, respectively. Epifluorescence microscopy was applied to study the auto-fluorescent properties of flavonoids and their localization in glandular trichomes. Both species differed in the morphology of the glandular trichomes and in the exudate flavonoid composition. Leaf glands from P. vialii and from some species of subgen. Primula exhibited uniform glandular fluorescence, but notable differentiation was observed within a single leaf of P. vulgaris. Our observations indicate that exudate flavonoids are not transported from the tissue to the glandular hairs. Conversely, only the newly isolated glycoside 1 (kaempferol 3-O-(2'''-rhamnosyl)robinobioside) was obtained from leaf tissue of P. vialii after removal of the exudate. Its structure was confirmed by NMR and mass spectrometry. This glycoside was not detected in tissue extracts of P. vulgaris after similar treatment. The observed chemical diversity is discussed, with focus on possible correlation with glandular structures and tissue differentiation in Primula, and also against other studied species. Aspects of biosynthesis in relation to tissuespecific flavonoid diversification are shortly addressed.
Glandular trichomes are highly specialized epidermal protuberances on the surfaces of leaves, inflorescences and other organs of many plants. Trichome morphology ranges from unicellular to sophisticated multicellular structures that exhibit differentiated basal, stalk and apical secreting cells [1] [2] [3] [4] . Glandular trichomes are generally capable of synthesizing, storing and occasionally secreting large quantities and diverse types of specialized metabolites, including various classes of terpenes [5, 6] , several types of alkaloids [7] , and flavonoids [8] [9] [10] . Glandular trichomes of Primula species are well known to produce lipophilic exudate flavonoids [11] , excreted mainly on the surfaces of leaves, stems and inflorescences. The association of exudates and glandular trichomes has been recognized as early as 1945 by Blasdale [12] and has been studied in later works such as Bosabalidis et al. [8] and Voirin et al. [2] . Microchemical investigations on exudates of Primula go back to Brunswik (1922) [13] . Since then, a series of studies elucidating the chemistry of the glandular trichomes in Primula species was carried out [9,11,14,15a-f] . However, combined analyses on chemistry and micromorphology or ultrastructure of the glandular trichomes of Primula [16] [17] [18] [19] are rather rare.
In the course of continued studies on exudate flavonoids in Primula [11, 20] , foliar glandular trichomes of P. vialii Delavay ex Franch. revealed a strong auto-fluorescence under an epifluorescence microscope [11] . For the present publication, this phenomenon was studied in more detail with the aim of attaining insight into the localization of the exudate flavonoids in the glandular trichomes of P. vialii and P. vulgaris Hudson, respectively. To the best of our knowledge, the latter species has not been studied regarding its exudate flavonoids so far. Hence, the main objective of this work was to focus on the micromorphology of the glandular trichomes in these two Primula species in combination with analysis of their epicuticular and tissue related flavonoid diversification, and to discuss these results in a broader context.
The novelty of this work is the attempt to visualize the exudate flavonoids of Primula spp. using their auto-fluorescence in the absence of chemical processes, i.e., without any pre-treatment, and to correlate the morphological results with the chemical profile of the exudates of the respective species. Furthermore, the differences between exudate and tissue flavonoid chemistry were checked to confirm further the presence of specific flavonoids solely in glandular trichomes. The species studied differed both in their exudate flavonoid chemistry and in the structure of the glandular hairs containing the flavonoids.
Primula vialii or orchid primrose is endogenous to China, where its population is gradually decreasing due to human activities [21] . This species belongs to sect. Muscarioides (subgen. Aleuritia) and is very popular in cultivation, being highly attractive as well as robust. Primula vulgaris or common primrose is a native plant in western and southern Europe, northwest Africa, and southwest Asia (eastern Turkey to Iran). It belongs to sect. Primula (subgen. Primula), which is the smallest subgenus comprising currently only seven species. The results from morphological and phytochemical analyses are presented separately; for a combined survey see Table 1 .
Morphology and auto-fluorescence of the glands
The leaves of P. vialii and P. vulgaris showed both non-glandular and glandular trichomes appearing on both sides of the lamina. However, glandular trichomes were concentrated on the abaxial side in both species. The principal morphology of the glandular NPC Natural Product Communications 2012 Vol. 7 No. 11 1469 -1473 Table 1 : Glandular trichomes in selected Primula spp.: Autofluorescence and exudate flavonoids. SG: Sessile glands, CG: Capitate glands, x: present, -: absent. For numbering of flavones see Figure 3 . trichomes studied here follows a scheme widespread in vascular plants [22] and later described for some Primula spp. [16] : A base cell carried a stalk consisting of one or a few cells with a glandular cell at the tip. Leaves of P. vialii exhibited two different types of glandular trichomes: a long type with four stalk cells, and a short type with one stalk cell only. The glandular components of the head cells glowed intensely blue upon excitation with UV-light ( Figure  1 ). According to TLC results this auto-fluorescence could be attributed to 2'-OMe-flavone, which, together with flavone and 5-OH-flavone, forms one of the prominent compounds sequestered onto the leaf surfaces of P. vialii. The latter compounds lack fluorescent properties, and thus do not contribute to the blue color.
In P. vulgaris, the glandular trichomes were morphologically uniform, but they exhibited different fluorescence patterns within one leaf upon excitation with blue light (490 nm). The head cells showed yellowish green, deep orange or red fluorescence, which was correlated with slight differences in the coloration of the cells ( Figure 2 ). Similar differentiations were described for glands from P. daonensis from a different taxonomic group of Primula [16] , but no explanation of this phenomenon was provided.
It is known that glandular trichomes develop from a presecretory to a secretory and finally post-secretory phase, differing in ultrastructure and phytochemistry [10, 23] . Exudate flavonoid composition of Primula glands could be expected to correlate with respective developmental stages, but this could not be verified in the present study. More insight would come from ultrastructural studies and a more detailed investigation of the glandular constituents in situ.
Interestingly, P. elatior and P. veris, both closely related to P. vulgaris, exhibited uniform colour schemes upon excitation with various wavelengths (Table 1) . So far, no correlation between fluorescence properties and exudate flavonoid chemistry could be established in these species. This is mainly due to the fact that the exudate flavonoid profile of P. vulgaris, P. elatior and P. veris is much more complex, consisting also of compounds that could mask the fluorescence of others. However, in all these species the head cells of the glandular trichomes showed blue autofluorescence which could be correlated to the presence of 2'-OMe-flavone.
Flavonoid chemistry: Phytochemical reinvestigation of P. vialii exudates yielded 2'-OMe-flavone, but could not confirm the presence of 2'-OH-flavone, as reported earlier from another accession [15a] . All the other compounds detected (Table 1 ) are in accordance with Wollenweber [15a] . P. vulgaris showed a more complex exudate profile compared with that of P. vialii. It exhibited, like its closely related species P. elatior and P. veris [9, 14] , unsubstituted flavone and series of 3',4' di-substituted and 3',4',5' tri-substituted flavones ( Table 1) .
Exudate flavonoids in the glandular trichomes of Primula vialii and P. vulgaris Natural Product Communications Vol. 7 (11) 2012 1471 As expected, notable differences were observed in both species between the flavonoid composition of leaf exudates and extracts obtained after rinsing off the exudate flavonoids. The major exudate components were present only in traces in the tissue extract, confirming that the exudate was properly removed. In P. vialii a prominent polar component was present in the extract, which was completely absent in the exudates. It was isolated as a glycoside and structurally identified as kaempferol 3-O-(2'''-rhamnosyl)robinobioside (1) by NMR and mass spectroscopy. The obtained NMR data (chemical shifts, coupling constants, and NOEs) indicated the interglycosidic bonds and anomeric configurations of the sugar units, as shown in Figure 3 . On the basis of these data, the structural divergence between 1 and the earlier reported kaempferol 3-O-(2''-rhamnosyl)-robinobioside from Boerhaavia diffusa L. [24] could be substantiated. This new compound could not be detected in P. vulgaris extract after removal of the exudate. HPLC analysis of its tissue extract showed only traces of as yet unidentified flavonol glycosides.
Primula species are not well studied with respect to their flavonoid glycosides, but diversification is quite remarkable, including Cglycosylflavones and flavonol-3-O-glycosides in P. spectabilis [18] and a series of flavonol-3-O-glycosides based upon quercetin, kaempferol and isorhamnetin from a number of other species [16, 25] . Glycosides based upon either tamarixetin or myricetin are less frequently reported [16, 26] . Several of the flavonol glycosides contain robinobiose as a sugar component, and generally, a tendency to accumulate di-or triglycosides is observed. The complex sugar moiety of our newly reported kaempferol glycoside (1) conforms well to these reports. One 7-O-glucopyranoside of 7,2'-diOH flavone was isolated from extracts of P. macrophylla [27] and of P. auricula, respectively [16] .
One reason for the combined analysis of glandular morphology and their chemistry was to find a way to detect the glandular products in situ. General exudate flavonoid accumulation trends observed in Primula species include unsubstituted flavone and its methyl ethers exhibiting unusual oxygenation patterns, which are most probably derived from a still unidentified pathway [11, 20] . Micromorphological analysis has now confirmed that the exudate flavonoids are not transported from the tissues to the glandular trichomes, since auto-fluorescence was limited to the head cells of the glands in both studied species. This is in line with observation on glandular hairs of Helianthus annuus [10] . Furthermore, the absence of exudate flavonoids in the tissue extract of P. vialii strongly indicates that both biosynthesis and accumulation of exudate components take place locally. Whereas P. vialii glands showed no differentiation of excised glands, those of P. vulgaris exhibited different colors, believed to result from different chemical composition.
Comparison of tissue-and glandular flavonoid chemistry revealed interesting differences. So far, none of the aglycones from the glycosides were found as exudate components in Primula. This fact strongly favors the assumption of expression of two different biosynthetic routes in tissues and in the glandular hairs. Because of their uncommon substitution patterns, exudate flavonoids of Primula are postulated to be biogenetically distant from those of the regular flavonoid pathway [11, 28] . Either a completely different pathway is expressed or the classical flavones with regular 5,7substitution are transformed in the glands due to unknown chemical processes. Hop provides one example for such a transformation of flavonoids, which are prenylated by specialized enzymes present in the glandular trichomes, making them more lipophilic [29] .
Interestingly, the 5-deoxycompound 7,2'-diOH flavone is present as glycoside in tissues of some Primula spp. [16, 27] , but not known as an exudate compound. Its biosynthesis, however, may correspond to the known route to 5-deoxyflavones via isoliquiritigenin [30] . It is uncertain whether further modifications of this particular route may lead to the specific flavonoids of Primula exudates. It must be mentioned that structural and biogenetic differences between tissue and glandular flavonoids are also observed outside Primula. Examples are found inter alia in the genera Uncarina (Pedaliaceae) [31] , Pulicaria (Asteraceae) [32] and Achillea (Asteraceae) [33a,33b] . Contrary to Primula, glandular flavonoids are derived from the regular flavonoid pathway in these cases. Presence of different flavonoid groups and contrasting substitution patterns in tissues and glands indicate specific biosynthesis to take place directly in the glands.
Little information is available on the ultrastructure of Primula glands across the genus that may shed some light on glandular flavonoid biosynthesis. Early ultrastructural studies on oil and farina glands revealed the presence of leucoplasts, smooth ER, and microbodies [19] . It is speculative that the leucoplasts are involved in flavonoid biosynthesis, but, in another study, phenolic compounds were proved to be linked to chloroplast membranes in epidermal tissue [34] . Chloroplasts may biosynthesize flavonoids, as is long known from several plant taxa [35] . More detailed and specific ultrastructural studies would be needed to assess the role of chloro-or leucoplasts in glandular flavonoid formation.
Location of biosynthetic enzymes in glandular head cells of P. kewensis was earlier studied by immunogold labeling, indicating the presence of phenylalanine ammonia lyase (PAL) in regions of tubular ER and over the cell wall surrounding the head cell, and chalcone synthase (CHS) labeling exclusively with spherical cell compartments [17] . However, this does not explain how the aberrant Primula exudate flavonoids are formed, since PAL and CHS are the enzymes with which regular flavonoids are synthesized from the known precursors derived from the acetate and shikimate pathways. Compound 1 would be such a regular flavonoid type, but being a complex glycoside, its occurrence in lipophilic exudates would be unexpected. Simple flavonol glycosides are rarely found as exudate constituents, but have been reported earlier from Solanaceae [36] and recently from Epilobium hirsutum [37] . Some species of Nicotiana are known to possess two different types of glandular trichomes that produce either hydrophilic or lipophilic components. The hydrophilic compounds are presumed to have been transported to the plant surface via the short type trichomes, whereas the lipophilic compounds are believed to be synthesized in the head cells of the long type trichomes [36] . For P. vialii, it is inconceivable that either type of glandular trichomes might transport the glycoside from the leaf tissue to the surface, as in that case, it should have been detected as an exudate component during HPLC profiling.
Studying organ specific accumulation is not only a necessity in chemical systematics, but also informative regarding the functional aspects of production and accumulation of secondary plant metabolites in general and of flavonoids in particular. The strange substitution pattern of exudate flavonoids of Primula has not been observed in exudates of other taxonomic groups, hence making it unique to Primula and its closest allies.
Experimental
Plant material: Plant samples were collected from the Botanical Garden of the University of Vienna, Austria. Primula vulgaris grew naturally in the meadows of the garden, whereas P. vialii was cultivated from seeds obtained from St. Andrews Botanic Garden, Scotland. Voucher specimens were deposited at the Herbarium WU, University of Vienna, Austria.
General: 1D and 2D NMR spectra were measured on a Bruker DRX-600 AVANCE spectrometer at 600.13 MHz ( 1 H) and 150.90 MHz ( 13 C) at 298.1 K. Mass spectra were recorded on a 900S (Finnigan MAT) by direct infusion electrospray ionization in positive and negative mode, respectively. High resolution mass spectra were performed with the same equipment at a resolution of 10,000.
Micromorphology:
For structural analysis hand sections of fresh leaves were produced using a razor blade. The unstained sections were observed with an epifluorescence microscope (Olympus BX41) using the filter cubes for U-MNU2 (UV excitation), U-MNB2 (blue excitation) and U-MNG2 (green excitation).
Extraction and isolation:
Fresh leaves were rinsed cautiously at room temperature with acetone in order to obtain the lipophilic components excreted on their surfaces. The rinsed leaves were further chopped and extracted in acetone for 3 days to gain the tissue extract. The acetone filtrates obtained were then dried using a rotary-evaporator to give a crude extract, which was suspended in MeOH and further subjected to TLC and HPLC. Comparative TLC was performed on Merck silica gel 60 using a solvent mixture of toluene-dioxane-acetic acid/75-25-5. Chromatograms were viewed under UV light, before and after spraying with Naturstoffreagenz A (0.5% of diphenylboric acid 2-aminoethyl ester in MeOH). HPLC analysis was performed with an Agilent 1100 Series equipped with a UV Diode Array Detector using a Hypersil BDS-C18 column (5 μm, 250 x 4.6 mm, flow rate 0.5 mL/min) with mobile gradient MeOH 55-100% in aq. buffer (15 mM H 3 PO 4 , 1.5 mM Bu 4 NOH). The detection range was 230-360 nm. Leaf exudate and tissue extract were compared by means of TLC and HPLC, as mentioned above. The tissue extract of P. vialii was further subjected to preparative TLC using toluene-dioxane-acetic acid/90-25-5. 
